Electronic transmission in random trimer InAs/InxGa1−xAs superlattices  by Terkhi, S. et al.
Results in Physics 2 (2012) 198–202Contents lists available at SciVerse ScienceDirect
Results in Physics
journal homepage: www.journals .e lsevier .com/resul ts - in-physicsReview Article
Electronic transmission in random trimer InAs/InxGa1xAs superlattices
S. Terkhi, S. Bentata ⇑, R. Djelti, B. Bouadjemi
Laboratoire de valorisation des matériaux, Faculté des Sciences et de la Technologie, BP227, Université Abdelhamid Ibn Badis, Mostaganem 27000, Algeria
a r t i c l e i n f o a b s t r a c tArticle history:
Received 7 August 2012
Accepted 24 October 2012
Available online 27 October 2012
Keywords:
Superlattices
Correlated disorder
Random timer barrier
Electronic states
Electronic transmissionhttp://dx.doi.org/10.1016/j.rinp.2012.10.006
⇑ Corresponding author. Tel.: +213 559040821; fax
E-mail address: sam_bentata@yahoo.com (S. Benta
2211-3797 2012 Elsevier B.V. Open access under CC BYWe study theoretically the effects of short-range correlated disorder and applied bias on the nature of the
transport properties in InAs/InxGa1xAs superlattices. We consider layers having identical thickness
where the (In) concentration x takes at random two different values with the additional constraint that
barriers (wells) of one kind always appear in triple, thus forming random trimer barrier superlattices
(RTBSL). We have numerically examined with the use of the exact Airy function formalism and the
transfer-matrix method, the transmission properties across RTBSL. In the case of unbiased systems, we
observed that the introduction of correlated disorder prevents the localization and causes delocalization
states. This behavior is due to the trimer tunneling state originated for the basic cells of three singular
barriers. In the case of biased systems, we see the decrease of the miniband width (reduction of transmis-
sion) until the complete disappearance for high values of Va.
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Arsenic based devices have a wide range of applications like la-
sers, infrared detectors, photodetectors, etc. The InAs/Ga1xInxAs
superlattices are generally used in many device applications due
to their good performance for atmospheric measurements [1–3].
The electronic transport in superlattices (SLs) dates back to the
early 1970s [4]. The ordered systems are speciﬁed by their period-
icity which permitted the application of Bloch theorem [5]. The case
of disordered SL’s is more challenging because the translational
symmetry in this system is broken and the Bloch theorem is not
applicable. The theory of one-parameter scaling led to the general
belief that all one-particule states in disordered systemswere expo-
nentially localized in one and two dimensions [6]. The consequence
of this hypothesis is the absence of transport in an inﬁnite disor-
dered chain. However, in recent years, several works showed that
a band of delocalized states appears in tight-binding [7,8] and
continuous models of correlated disordered one-dimensional
(1-D) systems [9]. In Refs. [10–17] a simple discrete model with
correlations expressed by pairing (dimer) was studied.: +213 45331369.
ta).
-NC-ND license.The main result in this particular case of disordered SL’s was the
existence of extended states, in contrast to the earlier belief that all
the eigenstates are localized in 1D disordered system. Recent ad-
vances in nanotechnology made it possible to grow artiﬁcial semi-
conductor superlattices with high quality; this gives the possibility
to experimentally verify former theoretical predictions.
The existence of extended states in random dimmer superlattic-
es was clearly observed in the photoluminescence by Parisini et al.
[18]. Most important, vertical transport and spectroscopic ellips-
ometry experiments [19,20] led us to conclude that Anderson
localization is inhibited in correlated disordered superlattices.
In this work our systems consist of two different structures ran-
domly distributed along the growth direction, with the additional
constraint that barriers (wells) of one kind always appear in triple.
This heterostructure will be referred to as random trimer barrier
superlattice (RTBSL).2. Formalism
Using the exact Airy functions formalism [21,22] and the trans-
fer-matrix technique [23], we study in the stationary case the RT
in GaAs/InxGa1xAs SL with non-periodic potential proﬁles. For
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Fig. 1. Potential energy proﬁle under an applied bias Va for multibarrier system.
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Fig. 2. Transmission coefﬁcient versus incident electron energy E: (a) Ordered structures
(c) Trimer height barrier superlattices (solid line) and elementary cell (dashed line). (d) Q
S. Terkhi et al. / Results in Physics 2 (2012) 198–202 199deﬁniteness, we consider quantum well-based SL constituted by
two semiconductor materials GaAs and InxGa1xAs. The physical
picture may be handled through the investigation of states close
to the bottom of the conduction miniband with k\ = 0. As usual,
the nonparabolicity effects can be neglectedwithout the loss of gen-
erality [24,25].
The one-dimensional time-independent Schrödinger wave
equation for an electron in a semiconductor heterostructure, with
V(z) potential, under the envelope function/effective mass approx-
imations is given as:1
mðzÞ
@2
@z2
wðzÞ þ 2
h2
½E VðzÞwðzÞ ¼ 0 ð1Þwhere z is the growing axis, E the incoming electron energy, w(z)
the wave function in the growing direction and m⁄ the effective
mass of each monolayer.
The SL potential VSL derives directly from the different energies
of the conduction band-edge of the two semiconductor materials
(GaAs and InxGa1xAs) at the interfaces. The potential energy pro-
ﬁle under an applied bias Va is represented in Fig. 1.0,0 0,2 0,4 0,6 0,8
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Fig. 3. Lyapunov exponent versus electron energy for RTBSL.
200 S. Terkhi et al. / Results in Physics 2 (2012) 198–202After some changes in variables and using the Airy functions,
the solutions of Eq. (1) in each potential region are given by the fol-
lowing equations:
Region ðIÞ : w1ðzÞ ¼ 1eikz þ Reikz ð2Þ
Region ðIIÞ : w2ðqÞ ¼ Cþ2AiðqÞ þ C2 BiðqÞ ð3Þ
Region ðIIIÞ : w3ðqÞ ¼ Cþ3Aiðq0Þ þ C3 Biðq0Þ ð4Þ0 200 400
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Fig. 4. The transmission coefﬁcients according to the barrier number of the structure with
(c) Er2 = 514 meV and (d) Er = 550 meV.The solutions in the regions which follow are the same ones as
those in the region (II) and (III), except that the amplitude changes.
Region ðNRÞ : wNR ðzÞ ¼ 0eik
0z þ seik0z ð5Þ
where k ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2mwE
h2
q
; k0 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2mwðEþeVaÞ
h2
q
and s represent the transmission
amplitude.
The ﬁrst amplitude in the Eq. (5) is equal to zero, because the
electron is supposed to be coming from the left. Using the Bastard
conditions of continuity [26], we have the relationship between
the reﬂected amplitude R and the transmitted amplitude s.
1
R
 
¼ M s
0
 
ð6Þ
M is the transfer matrix; it includes all physical information of the
system. The transmission coefﬁcient is obtained from the report of
the reﬂected and transmitted ﬂow:
T ¼ k
0
k
ss; where s ¼ 1
M11
ð7Þ
M11 ¼ 12 Aþ
k0
k
D
 
þ i k
0B
ma
 Cma
k
  
ð8Þ
A, B, C and D are the elements of the diffusion matrix S (O,L).
The transmission coefﬁcient is then given by:
T ¼
4 k
0
k
 
Aþ k0k D
 2
þ k0Bmw  Cmwk
 2 ð9Þ
This expression measures the electron interaction with the
structure through the elements A, B, C and D of the diffusion ma-
trix. Detailed demonstration is given in the previous article of co-
author [27,28].600 800 1000
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Fig. 5. Transmission coefﬁcient versus electron energy of RTBSL under different
value of bias voltage.
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Fig. 6. Resonance energy Er versus the applied bias Va of RTBSL. (a) First resonance
energy Er1; (b) second resonance energy Er2.
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This section concerns the description of the electronic transport
process in RTBSL with and without applied bias by means of
numerical calculations of its transmission coefﬁcient. For proper
understanding, we have treated the overquoted InAs/InxGa1xAs
as semiconductor SL because all the desired experimental parame-
ters involved in our calculations are available in the literature [29].
For deﬁniteness, we consider superlattice constituted by two
semiconductor materials the well width dw is different than the
barrier thickness db in the whole sample which in turns preserves
the periodicity of the lattice along the growing axis. p = dw + db is
the period of the unit supercell. In this model of SL we consider
that the height of the barriers takes at random only two values,
namely V and VT. The sequence of potential is short-range corre-
lated since the VT appears forming a triple randomly placed in
the structure.
The physical parameter values are chosen to have permitted
minibands under barriers. The parameters are N = 300 barriers,
V = 239.4 and VT = 661.2 meV, dw = 15 and db = 25 Å, the corre-
sponding effective masses in each potential region are
mw = 0.026m0, m = 0.041m0 and mT = 0.067m0 respectively for
the quantum well, host barrier and trimer barrier layers. (m0 is
the free electron mass.) For convenience, the bottom of InAs wells
has been chosen as the energy reference. The transmission coefﬁ-
cient is calculated for an average of 500 achievements.
We show in Fig. 2(a) the transmission coefﬁcient for ordered
superlattices with the two barrier heights V and VT. One can ob-
serve the existence of one miniband under the well, ranging from
145 up to 672 meV for V and from 369 up to 591 meV for VT. We
can explain the process of miniband structure formation inside
the well by the existence of (N  1) states allowed in (N  1) well
ranging between the barriers.
We plot in Fig. 2(b)–(d) the transmission coefﬁcient T(E) versus
electron energy for random (dimer, trimer and quadrimer) barriers
SL with concentrations C = 25%, this disorder rate is deﬁned as the
ratio of barriers height VT on the number of total superlattice bar-
riers. With these parameters, it can be seen that in the dimer case
(Fig. 2(b)), we observe one resonance located at Er = 457 meV. This
resonance energy is due to the dimer because it presents the same
resonance energy as the basic cell (system with two barriers repre-
sented in a dashed line).
In the trimer case (Fig. 2(c)) two resonances appear at the edges
of the miniband located at the resonant energy Er1 = 410 and
Er2 = 514 meV. As the dimer case, the energies at which these res-
onances appear are due to the trimer because they present the
same resonance energies as the basic cell (system with three bar-
riers, dashed line).
In thequadrimer case (Fig. 2(d)), three resonances are observed lo-
cated at Er1 = 392, Er2 = 457 and Er3 = 544 meV. Thus, it’s due to the
quadrimer (see the dashed line in Fig. 2(d)). So we can deduce that
in the case of the random N-mer disordered barriers superlattices,
(N  1) resonances energies appear in the transmission spectrum.
In order to measure the degree of localization we calculated the
Lyapunov exponent [30], which is in one-dimensional systems the
inverse of the localization length.
c ¼  1
2N
ln T ð10Þ
The Lyapunov exponent versus the energy for the RTBSL is plot-
ted in Fig. 3. We observe the existence of different types of eigen-
states, those having a very low Lyapunov exponent close to the
resonant energy and those with high slope in the other region.
The particular behavior of the Lyapunov exponent suggests the
existence of extended states localized near to the resonant energy
Er1 and Er2 originated for the basic cells of three singular barriers.As illustrated the electronic states are present in the RTBSL, we
plot in Fig. 4 the dependence of the transmission coefﬁcient on the
system size for various energies. It can be seen that the curves for
Er1 and Er2 have zero slope, indicating an inﬁnite localization
length Fig. 4(b) and (c). Meanwhile, far away from the resonances,
we observe that the states display a nonzero ﬁnite localization
length Fig. 4(a)–(d). Thus, we suggest that the resonance energies
observed correspond in fact to two kinds of extended states.
The inﬂuence of the applied bias in the RTBSL structure is stud-
ied by representing the coefﬁcient of transmission according to the
energy of the electron. We can see in Fig. 5 the displacement of the
subminibands to the lowest energies when the applied bias Va in-
creases. The application of a strong external ﬁeld (Va > 0.05 V) min-
imizes the disorder correlation and adjacent wells become
decoupled, miniband structure is destroyed and all states become
localized. These behaviors are due to the rupture of symmetry in
the potential proﬁle as the applied bias inclines the potential
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Fig. 7. Laser wavelength of RTBSL versus the barrier thickness db for different well
widths dw.
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properties of the electric ﬁeld are more pronounced, this is in per-
fect accord with Castro and Dominguez-Adame [31].
The positions of the resonance peaks as function of applied bias
Va are plotted in Fig. 6. We show that the resonance energy Er1 and
Er2 decreases linearly with the increase of the applied bias due to
the linear variation of the potential with the applied bias (see
Fig. 1).
In Fig. 7 we plot the laser wavelength emitted by the RTBSL ver-
sus the barrier thickness for different well widths dw. We can see
that the laser wavelength increases with the barrier thickness
and with the well width. The increasing of the wavelength can
be explained by the decrease in energy difference between the
two successive resonance peaks. The electron in this structure
emits in the middle infrared region. Thus, these dispositives can
be applied in the infrared photodetectors.
4. Conclusion
In summary, we have calculated the transmission coefﬁcient of
RTBSL structures (InAs/InxGa1xAs) by using of exact Airy function
formalism and transfer-matrix technique. We have observed thatthe introduction of correlated disorder into these systems prevents
the localization and leads to the delocalized states. This behavior is
due to the trimer tunneling state originated for the basic cells of
three singular barriers. Under high voltage bias a strong reduction
in transmission properties of RTBSL structures was observed, it will
in general be much harder to obtain a resonant transmission be-
cause the tunnel probability decreases considerably and the states
become localized on different wells.
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